Abstract. A review of 862 otolith-oriented papers published since the time of the 1998 Otolith Symposium in Bergen, Norway suggests that there has been a change in research emphasis compared to earlier years. Although close to 40% of the papers could be classifed as 'annual age and growth' studies, the remaining papers were roughly equally divided between studies of otolith microstructure, otolith chemistry and non-ageing applications. A more detailed breakdown of subject areas identified 15 diverse areas of specialisation, including age determination, larval fish ecology, population dynamics, species identification, tracer applications and environmental reconstructions. For each of the 15 subject areas, examples of representative studies published in the last 6 years were presented, with emphasis on the major developments and highlights. Among the challenges for the future awaiting resolution, the development of novel methods for validating the ages of deepsea fishes, the development of a physiologicallybased otolith growth model, and the identification of the limits (if any) of ageing very old fish are among the most pressing.
Introduction
Research involving otoliths continues to evolve and expand as we enter the 21st century. A search of the literature indicates that the number of primary publications reporting research on, or application of, otoliths has increased almost linearly over the past 35 years. Papers involving otoliths are now being published at five times the rate that they were in the 1970s, with annual rates approaching 200 papers per year in the last few years. Of greater interest is the changing balance in the manner in which the otoliths are being used. In an earlier perspective, Campana and Thorrold (2001) noted that publications reporting the use of otoliths for annual age and growth estimates have long dominated the field, but that the use and study of otolith microstructure and otolith chemistry had increased markedly through the 1980s and 1990s respectively. A review of the literature since the time of the 1998 Otolith Symposium in Bergen suggests that the balance continues to shift. In the present paper, I will briefly review the change in research emphasis that has been evident in the field of otolith research and application since the time of the last Otolith Symposium. I will make no attempt to summarise all research progress over the past 6 years; the objective of the current paper is not a comprehensive review of the field. Rather, I will attempt to highlight what I consider to be the major developments in each of the otolith disciplines, noting those areas that seem particularly ripe for rapid advancement. Finally, I will close with a view of the challenges awaiting resolution in the near future.
Recent changes in research emphasis
Papers which reported the study or use of otoliths, and published between 1999 and the early months of 2004, were split between four major otolith disciplines: annual age and growth, chemistry, microstructure and other non-ageing applications (Fig. 1a ). Of these, age and growth papers at the annual level made up close to 40% of the 862 publications surveyed. However, this represents a substantial shift in balance among disciplines, since annual age and growth papers accounted for 80% of all otolith papers before 1999 (S. E. Campana, unpublished data). The remaining disciplines each now account for 15-20% of the total. The increased emphasis on microstructure, chemistry and nonageing applications reflects the increased interest in their fields, rather than any marked decline in annual ageing studies.
A more detailed breakdown of the papers surveyed reveals some intriguing patterns in otolith research (Fig. 1b) . The specific categories shown are to some extent arbitrary, since most (but not all) are application-oriented. Nevertheless, the fact that there are at least 15 areas of otolith specialisation clearly indicates that otoliths are used in a very diverse range of applications. In what follows next, I will briefly highlight examples of the type of research being conducted in each of the areas of specialisation shown in Fig. 1b , along with the percentage of recent papers published in that specialisation. Then, I will attempt to summarise the major developments which have occurred in each of these areas. S 
Recent trends in research
Otolith microstructure (24% of recent papers) Studies involving otolith microstructure have become the most applied approach in otolith science. Recent applications continue to be most represented by studies in which the sequence of daily growth increments were used to describe the early life history of a fish species, particularly the hatch date and growth rate (e.g. Takahashi et al. 2001) , or to determine the duration of residency as a pelagic larva (Pasten et al. 2003) . However, increasingly common were studies which compared and contrasted the growth rate and hatch date of different cohorts of young fish, perhaps as a function of environmental conditions (Anderson and Dalley 2000; Meekan et al. 2003) . The developing maturity of the field is reflected in the relative scarcity of routine daily increment validation studies, and the increasing use of the microstructure (representing daily growth structures) to validate the interpretation of the first-formed annulus (representing annual growth structures) (Panfili and Tomas 2001) .
The major developments in this field have used otolith microstructure for more than just early life history descriptions or routine age validation. Of particular note were a number of studies which used larval age composition and/or daily increment width series to infer population exposure to regional or size-selective mortality events (Searcy and Sponaugle 2001; Pepin et al. 2002; Wilson and Meekan 2002) , or to link growth and mortality rates in a population (Bunnell et al. 2003) . Brophy and Danilowicz (2002) used microstructural growth patterns to identify and track patches of drifting larvae. However, there were also developments in the conceptual basis for these applications. Several experimental studies examined the factors influencing the production or interpretation of problematic daily increment sequences under adverse or low-growth conditions (Fey 2002; Fox et al. 2003) . The practical limitations of inferring growth from incremental width sequences were examined by others (Barber and Jenkins 2001; Pepin et al. 2001) . Several reviews focusing on specific features or applications of otolith microstructure were published (Campana and Thorrold 2001; Panfili et al. 2002; Thorrold and Hare 2002) .
Annual age and growth (23% of recent papers)
The use of otoliths for determining annual age and growth continues to be a 'bread and butter' application, and the frequency of its use appears unlikely to decline in the near future. Included in this category were a broad suite of studies that used the annual growth pattern in the otolith to estimate the longevity and growth rate of a population or species of fish (Wilson and Nieland 2001; Laidig et al. 2003) . If this category had been broadened to include papers that integrated the development of ageing methods or age validation with estimates of population longevity or growth rate, this category would have ranked as the most common of all otolith studies. However, the two categories were kept distinct so as to differentiate between applications of established ageing methods, and attempts to develop, improve or validate an ageing method. Although it was difficult to identify any major developments in the Annual Age and Growth category, the importance of this class of information is difficult to ignore, as it forms the basis for most comparisons of growth rate and survival among environments and populations, not to mention fish stock assessments and life history studies (Campana and Thorrold 2001) .
Age validation and ageing method comparisons (10% of recent papers)
This category includes those papers that compare among ageing methods, or provide the results of an age validation study, either with or without accompanying estimates of population longevity or growth rate. Examples of this type of study included age validation studies which combined several different approaches, such as tetracycline mass marking, mark-recapture and length frequency analysis . Other studies reported both the development and validation of an ageing method, followed by its application to a population for estimation of longevity and growth rate. For example, Dwyer et al. (2003) compared ages derived from whole and thin-sectioned otoliths, then applied bomb radiocarbon, tag-recapture analysis and length frequency analysis to validate the accuracy of the method across all age groups before assessing growth rate. Similarly, Brouwer and Griffiths (2004) evaluated the accuracy of whole and sectioned otoliths through comparison of tetracycline markrecaptures and marginal increment analysis before estimating the growth rate of the population. Although still uncommon, studies using known-age fish had the advantage of allowing specific recommendations to be made concerning optimum age interpretation approaches (Buckmeier 2002) .
Major advances in this research category most often centred around improved or more rigorous methods for age validation. Clear et al. (2000) demonstrated the successful use of a novel otolith marker (strontium chloride) in a large-scale tag-recapture study of southern bluefin tuna, Thunnus maccoyii. The applicability of bomb radiocarbon for validating the ages of long-lived species around the world was broadened when radiocarbon histories for the northwest Pacific (Kerr et al. 2004 ) and northeast Atlantic (Kalish et al. 2001) demonstrated that the years during which the bomb signal increased were similar in other areas of the world, even if the radiocarbon levels themselves were not. However, the single largest methodological advance was associated with the development of an improved radiochemical assay for 226 Ra, which improved the precision of radiometric age estimates by a factor of 2-10 ( Andrews et al. 1999) . These and other advances in the field were covered in two substantial reviews of age validation methods (Campana 2001; Panfili et al. 2002) .
Population dynamics (6% of recent papers)
Although arguably a subset of annual age and growth papers, this category was defined to include studies which made more sophisticated use of otolith annual growth patterns, such as growth back-calculation. Recent years continued to see studies where growth back-calculations were used to provide length-at-age sequences for populations or species, which were then related to the ambient environmental conditions of the time (Dutil et al. 1999 ). In addition, there were continuing efforts to improve upon existing growth back-calculation models through addition of an age effect to the model (Morita and Matsuishi 2001; Finstad 2003) . Klumb et al. (2001) implemented a controlled experiment in which oxytetracycline was used to mark the otolith at periodic intervals during the experiment, and thus evaluate the relative accuracy of competing back-calculation models without having to invoke assumptions of ageing accuracy.
The most significant developments in this research category revolved around the use of growth back-calculations to assess the influence of size-selective mortality on previous life history stages. Good et al. (2001) compared the radius of the hatch check in newly-emerged and older salmon to infer the extent of year-to-year variation in size-selective mortality at the fry stage. Using a similar principle, Gronkjaer and Schytte (1999) used the radius of the otolith hatch check as an unambiguous marker to demonstrate that larvae which were smaller at hatch were less likely to survive to the first few weeks of life. However, the most comprehensive study of this type was one based on more than 13 000 back-calculations of cod otoliths, which were used to estimate both the direction and magnitude of size-selective mortality as a result of fishing (Sinclair et al. 2002) .
Hearing and balance (1% of recent papers)
There were only a handful of papers published on otolith function since 1998, which is ironic given that hearing and balance are the two central functions of the fish otolith. Several descriptive studies explored form and function in the otolith or inner ear (Parmentier et al. 2001; Aguirre 2003) . However, it was a pair of experimental studies that provided the most insight into otolith function. Taking advantage of a developmental anomaly, Riley and Moorman (2000) demonstrated that the lapilli, but not the sagittae, are required by the fish for balance and survival. And in an unrelated study, the removal of one sagitta reduced hearing sensitivity, while the removal of both sagittae resulted in robust hearing losses, thereby demonstrating that the saccule plays an important role in directional hearing and frequency responses (Lu and Xu 2002) . Synthesising many years of hearing-related research, Popper (2003) provided an important review on the effects of anthropogenic sounds on fishes.
Otolith allometry (4% of recent papers)
Included in this group of papers were those dealing with the factors influencing either otolith shape or the allometry between otolith growth and somatic growth. Since otolith shape has continued to be examined for its utility for distinguishing among fish stocks (see Tracer Applications), Cardinale et al. (2004) used hatchery releases of cod into the wild, recaptured after several years, to demonstrate that both genetic and environmental influences control otolith shape. Several laboratory experiments confirmed that the relationship between otolith and somatic growth is mediated by temperature and/or other modifiers of growth rate, such that slow-growing fish produce relatively large otoliths (Oozeki and Watanabe 2000; Strelcheck et al. 2003) . Applications of this principle were illustrated in studies where the life history of the fish was reconstructed on the basis of the fish : otolith relationship (Shafer 2000) . Perhaps more telling however was a study in which the growth rate effect on the fish-otolith allometry was so strong that traditional methods of growth back-calculation could not be applied to fish that had changed sexes (Munday et al. 2004) . Applications that rely on this allometry, such as age estimation based on the relationship between fish age and otolith weight, continue to be improved (Pilling et al. 2003) .
Species identification (6% of recent papers)
A surprising number of predation studies rely upon the identification of otoliths recovered from stomachs or droppings to reconstruct the species of the prey. In this type of study, the otolith is not the subject of the study per se, but a tool to answer a predation question. For example, the extent of predation of shrimp on juvenile plaice in a shallow-water nursery was assessed by identifying plaice otoliths in shrimp stomachs (Wennhage and Pihl 2001) . The basis for these types of studies is either a reference collection of otoliths from the local fish species, or published atlases of otolith shape across a wide range of species. Two such atlases were published in recent years: the first comprehensive examination of asteriscal otoliths in teleosts (Assis 2003) , and the first photographic atlas of otoliths from fishes of the northwest Atlantic (Campana 2004) . Since studies of seal predation on fish rely extensively on otoliths recovered from stomachs, Bowen (2000) experimentally assessed the rate of loss of otoliths as a result of digestion, and then calculated the impact on perceived predation rates.
Tracer applications (12% of recent papers)
Although the metabolic stability of otoliths has been recognised for many years, natural tracer applications have become a very active area for research only over the past decade. The approach is based on natural structures or chemical features formed in response to environmental or genetic factors which leave a permanent natural marker recorded in the otolith of the fish experiencing the same condition. Thus the marker serves as a natural tag or tracer of that same group of fish throughout its life. Although most of the recent research effort has been focused on chemical tracers, alternative and novel markers such as those owing to unusual microstructural growth patterns formed in the early life history have been used (Quinn et al. 1999) . Otolith shape is not a permanent marker, but several studies reported success in using it to distinguish among populations (Begg et al. 2001) .
Assays of Sr : Ca along otolith transects continues to be a common means of reconstructing migrations among environments with different salinities. This type of study is most applicable to diadromous fishes where the signal is most marked, such as the detection of catadromy in eels (Tsukamoto and Arai 2001) and anadromy in salmonids (Howland et al. 2001) . Where elements other than Sr alone have been used, the objective has usually been to distinguish among groups or populations of a species. For example, Bastow et al. (2002) took advantage of the distinct stable oxygen isotope ratio recorded in otoliths by the hypersaline conditions in Shark Bay, Australia to identify pink snapper (Pagrus auratus) which grew up in the bay. Although this and other studies used stable isotope ratios as the population marker, the trace element composition of the otolith has more often been used in this type of study. For example, Brazner et al. (2004) observed distinct elemental fingerprints in juvenile yellow perch growing up in different wetland nurseries, while Secor et al. (2002) noted significant differences in the elemental fingerprint among bluefin tuna (Thunnus thynnnus) growing up on opposite sides of the Atlantic Ocean. Studies which used a combination of trace elements and stable isotopes to distinguish among populations often achieved the greatest discrimination .
Taking the tracer approach to its logical conclusion involves identifying or classifying a group of fish to their source group. An increasing number of studies have been successful in identifying unknown fish in this manner, basing their classifications on maximum likelihood statistical methods and careful sampling of all possible source groups Gillanders 2002 ).
An exciting breakthrough in this area of research has been the identification of stable strontium isotopes as a valuable otolith marker in freshwater fishes (Kennedy et al. 2000) . Although not suited to marine fishes (since seawater shows a uniform stable Sr signal), stable isotopes of Sr appear to vary considerably and consistently among freshwater drainages, and are precisely reflected in the otolith composition. As a result, the movement patterns and origin of individual fishes can often be reconstructed with high fidelity (Kennedy et al. 2002; Milton and Chenery 2003) . These and other elemental tracers were explored in more detail in various reviews of the field (Campana 1999; Lecomte-Finiger 1999; Thresher 1999) .
Mass marking (4% of recent papers)
Mass marking applications use either induced temperature fluctuations or calcium-binding chemicals in the water to induce distinct visual or chemical marks in the otolith at the time of application. The power of the approach lies in the ability to tag thousands or even millions of fish at the same time at minimal cost. Thermal marks continue to be most popular in mass marking young salmonids in a hatchery before their release into the wild (Negus 1999) , although one study took advantage of the high proportion of vateritic otoliths formed in hatcheries to distinguish between wild and hatchery-reared fish (Bowen et al. 1999) . In their review of the thermal marking approach, Volk et al. (1999) provided many recommendations for optimising mark detection and producing date-specific marks. Blick and Hagen (2002) made further progress by developing a statistical test for quantifying the results from a thermal marking study.
Chemical marks have been successfully applied to a broad range of species in mass marking studies, with the most popular being alizarin red, alizarin complexone, oxytetracycline and strontium (Skov et al. 2001) . However until recently, the chemical tags had to be applied in a laboratory setting. In a major breakthrough, Jones et al. (1999) demonstrated the first large-scale chemical mass marking of wild fish. By enclosing the egg masses of a coral reef fish in a plastic bag for 1 h at a time, they were able to expose the embryos and their developing otoliths to a tetracycline solution, thus marking the otoliths permanently for later detection during a dispersal study. It seems likely that similar in situ marking studies will follow in other habitats.
Trace elements (4% of recent papers)
Although Tracer Applications accounted for most of the research on otolith trace elements, considerable research effort was focused on the factors that influence the uptake and incorporation of trace elements into the otolith. Several studies examined the relationship between water composition and the resulting composition of the otolith, concluding that the incorporation of only selected trace elements was influenced by water composition (Bath et al. 2000; Elsdon and Gillanders 2003) . The most striking example of this was seen along a pollution gradient, where relatively few of the otolith trace elements changed in response to increasing pollution levels (Hanson and Zdanowicz 1999) . The physiology (de Pontual et al. 2003) and habitat (Kingsford and Gillanders 2000) of the fish often played a substantive role. Fortunately, preservation in ethanol was shown not be an influential factor, producing little effect on otolith concentrations of either Sr or Ba (Hedges et al. 2004) .
Analytically, the production of the first certified otolith reference material provided a standard against which all otolith assays could be compared (Yoshinaga et al. 2000) . In addition to a review on otolith chemistry and composition (Campana 1999 ), a review on laser-based assay techniques was published (Jones and Chen 2003) .
Isotopes (1% of recent papers)
Stable isotopes play a central role in both Tracer Applications and Environmental Reconstructions, and radioisotopes are a central component of Age Validation, but the emphasis here is on studies examining the incorporation of stable isotopes and radioisotopes into otoliths, plus some new applications. Loss, not incorporation, was the subject of a study which reported that the depuration rate of gaseous radon from halibut otoliths was too low to substantially affect age estimates derived from 226 Ra : 210 Pb radiochemical dating (Kastelle and Forsberg 2002) . However, most of the remaining studies in this category dealt with stable isotopes. Factors influencing the incorporation of stable carbon and oxygen isotopes were examined in both field (Blamart et al. 2002) and laboratory studies (Høie et al. 2004) , confirming that oxygen isotopes are deposited in equilibrium with that of the water while carbon isotopes are not. In a unique perspective, Sherwood and Rose (2003) suggested that otolith δ 13 C could serve as a useful proxy for swimming form. Meanwhile, a new stable isotope marker, sulfur, was added to the inventory of otolith isotopes (Weber et al. 2002) . Although applications for its use need to be better defined, initial examinations suggest that sulfur isotope ratios may provide a proxy for feeding history.
Environmental reconstruction (<1% of recent papers)
A long-standing goal of fisheries science has been to take advantage of our understanding of the environmental factors which influence the elemental and isotopic composition of otoliths to reconstruct the previous (and unknown) environmental history of the fish. Experiments to better define environmental influences on otolith composition continue to demonstrate an environmental effect, but with a significant interaction between temperature and salinity that complicates the extraction of the temperature or salinity effect by itself (Elsdon and Gillanders 2002) . Challenges such as these may explain why prehistoric environmental reconstructions have provided most of the high-profile successes, since the absence of alternative approaches means that the underlying assumptions of the approach must be accepted. Stable oxygen isotopes played the most significant role here, having been used to reconstruct the ambient temperatures millions of years ago to within several degrees celsius (Ivany et al. 2000; Andrus et al. 2002) . In each case, otoliths of fish species with narrow salinity preferences were selected so as to minimise interpretation difficulties owing to the unknown water composition. In the most ambitious application of this type, Carpenter et al. (2003) used otolith strontium and oxygen stable isotope ratios to reconstruct the movements of a Cretaceous fish between freshwater and estuarine environments, and then used oxygen isotope ratios to constrain its temperature environment.
Fossils (<1% of recent papers)
Whether a fossil otolith can be distinguished from an unaltered old otolith is not always clear, since otoliths hundreds of years old can appear unaltered from their original state. Ignoring this distinction for the moment, and as discussed in the previous section, many of the studies which reconstructed paleoenvironments were based upon fossil otoliths. However, it is also possible to reconstruct historic fishing patterns and pre-fishing growth rates using fossil otoliths. In one such study, the recent growth rates of four commercially fished species were compared with the growth rates of several hundred years ago, based on archaeological excavations of otoliths from European fishing communities at a time when overall fishing effort was minimal (Bolle et al. 2004) . Somewhat surprisingly, not all of the species showed large increases in growth rate as a result of heavy exploitation. The ability to estimate past growth rates and season of fishing from growth patterns visible in fossil otoliths was discussed in a review by Woydack and Morales-Nin (2001) .
Methods (3% of recent papers)
In a field with such a high reliance on methodology, it is not surprising that methodological advances have played a significant role in otolith research. Some of this research has been directed at better methods for visualising growth increments, whether through application of dyes and stains (Green et al. 2002) or through the development of semi-automated image analysis methods for identifying and counting increments (Takashima et al. 2000) . Truly novel approaches have also been developed, such as a method for carrying out threedimensional otolith analysis (Hamrin et al. 1999) . Rapid instrumental development has also played a major role in studies of otolith chemistry (Arslan and Paulson 2002) , particularly with the latest generation of high-resolution inductively-coupled plasma mass-spectrometry instruments coupled to lasers, capable of analysing both trace elements and isotopic ratios at a temporal scale of weeks (Thorrold and Shuttleworth 2000) . The development of computerised micromilling machines has greatly simplified the ability to micro-sample seasonal or annual growth increments for either trace element or stable isotope assays (Wurster et al. 1999) .
Along with the technical advances have come improved statistical techniques for analysis of otolith-derived data. In a welcome advance, Cappo et al. (2000) developed a rigorous statistical method for quantifying the state of development of the marginal growth increment, well suited to assessing the timing and periodicity of growth increment formation. A statistical method for relating mark-recapture data to otolith increments was also reported (Govender 1999) . Powerful statistical methods for analysing annulus-based size-at-age data (Schaalje et al. 2002) and for estimating individual growth variability (Pilling et al. 2002) should provide an improved ability to extract information from data, something that is warranted given the effort that goes into obtaining the growth data.
Physiology (2% of recent papers)
Some of the more exciting developments in basic research on otoliths occurred in the fields of physiology and biomineralisation. Laboratory studies suggested that glycogen may serve an important role in the initial seeding of the otolith polycrystal (Pisam et al. 2002) . In addition, the 'starmaker' gene has now been identified as the most likely controller of crystal size and lattice formation in otoliths (Soellner et al. 2003) . Several other studies examined the role of endolymph chemistry on otolith growth (Payan et al. 1999; Takagi 2002; Tohse et al. 2004) , reinforcing the view that endolymph pH is a driving force behind otolith biomineralisation. Even at the daily level, endolymph composition is tightly correlated with diel variations in otolith growth (Edeyer et al. 2000; Tohse and Mugiya 2002) . However, not all aspects of otolith growth are under chemical control: in a neurological study, Anken et al. (2000) reported that an intact vestibular nerve was required for calcium incorporation into the growing otolith.
Interface of otolith science with other disciplines
The broad range of research and applications being carried out with otoliths in recent years points to an active and influential field of science. With areas of study as diverse as age determination, larval fish ecology, population dynamics, fish physiology, population tracking and environmental reconstruction, it is clear that much of fish and fisheries science is affected by, or dependent on, otoliths. The growth or vitality of a research field however must be measured in a different manner. Obviously, publication rate is one such measure, and the increasing rate of otolith-oriented publications indicates that the field is growing. An additional measure of the vitality of a field is the extent to which it interacts with other disciplines. Currently, otolith research is working at the interface of several scientific disciplines. Most prominent among these is geochemistry, where much of the technology and some of the principles are shared with otolith science. Although the development of otolith chemistry through the 1990s saw a largely one-way transfer of information and technology from geochemistry into otolith studies, the information transfer route now occurs in both directions. This is most evident in the environmental reconstructions of paleoenvironments based on isotopic assays of fossil fish otoliths, and in the development of laser-based and microsampling instrumentation.
Areas where otolith research is impacting the scientific study of organisms other than fish are also increasing in numbers. Recent examples include the use of elemental fingerprints to reconstruct the migration patterns of squid in the southern ocean (Arkhipkin et al. 2004) , and the use of bomb radiocarbon to determine the age of sea urchins (Ebert and Southon 2003) . Of interest though, are two examples where the expected interdisciplinary interchange has not occurred: age determination of non-aquatic organisms and dendrochronology. In the case of dendrochronology, it appears that relatively little research to develop or improve methods is now being conducted. Thus, tree rings continue to be important tools for science (Briffa et al. 1990 ), but only in an applied sense. One would think that research that better linked the two disciplines would be mutually beneficial. In contrast, age determinations of non-aquatic organisms would appear to be an area where, logically, the advanced state of otolith ageing methods would be expected to be influential. The less-developed approaches applied in age determinations of terrestrial vertebrates and other non-aquatic organisms may reflect the fact that terrestrial zoologists pay relatively little attention to the aquatic journals where fish biologists typically publish. Perhaps this is an indication that some otolith-oriented science needs (or deserves) to be published for a more diverse audience.
Challenges for the future
Although the search for the ideal ageing method, chemical tracer, etc. will undoubtedly continue for the foreseeable future, there are several areas of otolith research that are in urgent need of study. In contrast, there are other areas where all of the required elements appear to be in place, and thus poised to answer existing questions in the very near future. Here I present a few illustrative examples of these research areas.
Methods for validating the ages of deepsea fishes are urgently required. Many deepsea fishes appear to be very long-lived and slow-growing, and thus very susceptible to overfishing. Turbot (Scophthalmus maximus), oreo (Pseudocyttus spp.), and in particular, orange roughy (Hoplostethus atlanticus) are prime examples of species which may live to ages of 100 years or more (Tracey and Horn 1999) with exceedingly slow growth rates, yet are now being fished commercially. Standard mark-recapture methods are impractical for species which live at depths of >500 m, with swimbladders that rupture long before they reach the surface. Bomb radiocarbon age validation, which is so well suited to many other long-lived fishes, is of little value at a depth where the bomb signal has either not yet penetrated, or did so at some unknown date. And even the oft-abused marginal increment analysis is of questionable value in species where the annuli are poorly defined and the age interpretations challenging. This is one area of otolith research where a creative solution is urgently required.
Also of relevance to age determination is the challenge of recognising the limits of ageing very old fish, if indeed there are any. Several reports suggest that such limits exist. For example, Beamish and McFarlane (2000) recaptured several tetracyline-injected sablefish (Anoplopoma fimbria) who showed far fewer annuli than were expected based on the number of years at liberty after tagging. Similarly, Dwyer et al. (2003) noted a consistent age underestimation of 2-4 years in very old yellowtail flounder (Limanda ferruginea) whose minimum age was known based on bomb radiocarbon. Are these cases merely unusual anomalies, or are they reflective of a more general phenomenon whereby traditional ageing methods can fail in extremely slow-growing or old fishes? And if the latter, is it just the method that is at fault? For instance, age determinations from high quality otolith sections of 40+ year-old lake trout (Salvelinus namaycush) consistently underestimated the bomb validated age until the importance of using a compound microscope to observe extremely narrow annuli near the margin was recognised (S. E. Campana, C. Jones and J. Casselman, unpublished data).
One area that seems poised for rapid advancement in the near future involves the development of more efficient methods for production ageing, taking advantage of the frequently-noted relationship between otolith weight and age. Several studies have documented this relationship, whereby the otoliths of slow-growing fish weigh more than do faster-growing fish of the same length (Templeman and Squires 1956) . Despite repeated demonstrations that the relationship between otolith weight and age can be used to distinguish among age groups better than other somatic measures (Pilling et al. 2003 ), a practical framework through which this relationship can be used to reduce the cost of age determination has yet to be proposed. The recent development of a statistical framework for linking otolith weight, fish length and age information (Francis and Campana 2004) suggests that it may soon be possible to reduce the cost of production ageing for at least some species.
The development of an otolith growth model would not only improve the accuracy of growth back-calculations, it could lead to simplified methods for reconstructing life histories and environmental exposures, among other things. For example, recent experimental work has indicated that the translucency of the otolith is at least partially a function of temperature and somatic growth rate (Hüssy et al. 2004 ). Would it be possible then to use measurements of otolith growth rate and translucency, without more expensive assays of otolith composition, to infer growth temperature and scope for growth? And can a growth back-calculation method be developed, which avoids the 10-15% uncertainty that often accompanies existing growth back-calculations? A robust model of otolith growth that takes advantage of recent physiological advances is almost certainly required to meet these goals.
Although challenges such as the development of an otolith growth model may not be solved in the near future, there are several specific goals that should be more tractable. For instance, an increasing number of otolith chemistry studies are using trace elements or isotopes for which the sole existing certified reference material is not suited (Yoshinaga et al. 2000) . A more fully characterised otolith reference material is very much required. Of course, laser-based otolith assays lack any form of a standard whatsoever, necessitating the use of glass-based assay standards or pressed otolith powders with very different ablation characteristics than real otoliths (Campana 1999) . A very different type of challenge faces those attempting to validate the age determinations of a species using bomb radiocarbon, for which otoliths of fish born in the 1958-1967 period can be invaluable. An unknown but large number of otolith collections exist around the world, yet most of these collections remain known only to those institutions that collected them. Better documentation concerning the existence and contents of these archives would help not only those seeking to validate age determinations, but provide the material for genetic reconstructions of historic populations using the small amounts of dried tissue which often adheres to otoliths after collection (Hutchinson et al. 1999) . Once again, this is an example of relatively simple applied work that could quickly lead to tangible benefits in the near term.
